The Type 3 inositol 1,4,5-trisphosphate (InsP3) receptor is expressed at high levels in gastrointestinal tissues. This receptor has 16 potential phosphorylation sites for calciumlcalmodulin-dependent protein kinase II (CaM kinase 11). To determine if the Type 3 InsP3 receptor is likely to be a physiologic substrate for CaM kinase II, localizations of the Type 3 InsP3 receptor and CaM kinase I1 were compared in tissues of the gastrointestinal tract. Cellular and subcellular localizations were determined by immunofluorescence microscopy in rat intestine, pancreas, and stomach, and in isolated rabbit gastric glands. Both proteins were found in the apical region of intestinal enterocytes, pancreatic acinar
Introduction
The inositol 1,4,5-trisphosphate (InsP3) receptor is a ligand-gated ion channel that releases Ca2+ from intracellular stores. InsP3 receptors are located in subcompartments of intracellular membranes. This restricted intracellular localization and its ability to be phosphorylated by several different kinases make the InsP3 receptor a potential site of integration for second messenger pathways with cytosolic Ca2+ signals. Molecular cloning studies have demonstrated that InsP3 receptors comprise a family of structurally related proteins known to have four different subtypes, each with a distinct tissue distribution (Maranto, 1994; Blondel et al., 1989; Supported by NIH NIDDK (DK48370 and DK43405) and a Department of Veterans Affairs Merit Award (JRG); FSG is a Clinical Investigator and received a Merit Award from the Department of Veterans Affairs; NIH NIDDK (DK44475) (ARM): and LMM received Department of Veterans Affairs Merit Award and a Grant-in-Aid from the American Heart Association Connecticut Affiliate, Inc. et al., 1991; Mignery et al., 1990; Furuichi et al., 1989) . The Type 3 InsP3 receptor is the subtype that is expressed most prominently in tissues of the gastrointestinal tract; it has recently been cloned from the HT29 cell line, which was derived from a human colon adenocarcinoma (Maranto, 1994) , and from the rat insulinproducing cell line RINm5F (Blondel et al., 1993) .
The highest levels of expression of Type 3 InsP3 receptor are observed by RT-PCR in gastrointestinal tract and kidney, with lower levels in the brain, lung, testes, thymus, and spleen (Blondel et al., 1993) . Immunocytochemical studies localized the Type 3 InsP3 receptor to the apical region of villous enterocytes in rat jejunum (Maranto, 1994) and the apical region of rat pancreatic acinar cells (Nathanson et al. 1994) .
Protein kinases are often anchored to their sites of action, either through specialized anchoring proteins or through their own accord (Mochly-Rosen, 1995) . Neuronal Ca2+/calmodulindependent protein kinase I1 (CaM kinase 11) is closely associated with the microtubule-based cytoskeleton (Goldenring et al., 1986) . Similarly, enzymatically active CaM kinase I1 is localized to the terminal web region of ileal enterocytes, where it is tightly bound to the cytoskeleton (Matovcik et al., 1993) .
The sequence of the Type 3 InsP3 receptor contains five consensus sites for CAMP-dependent protein kinase ( ArglLys-ArglLysXaa-SerlThr), 18 potential phosphorylation sites for protein kinase C (SerlThr-Xaa-ArglLys), and 16 possible sites for CaM kinase I1 (Arg-Xaa-Xaa-SerlThr) (Maranto, 1994; Colbran et al., 1989) . However, the physiological consequences of Type 3 InsP3 receptor phosphorylation is presently unclear. To examine the possibility that the Type 3 InsP3 receptor is a physiological substrate for CaM kinase 11, we compared the localization of the InsP3 receptor to CaM kinase I1 in tissues of the gastrointestinal tract. The results suggest that both InsP3 receptors and CaM kinase I1 are localized intracellularly within an apical Factin domain.
Materials and Methods
Fluorescein isothiocyanate (FIE)-conjugated goat anti-rabbit F(ab)2 was purchased from Biosource (Camarillo, CA). Cy5-conjugated donkey antirabbit IgG and Bodipy-conjugated donkey anti-mouse IgG were purchased from Jackson Immunochemicals (West Grove, PA). Bodipy-phallacidin and Prolong antifade solution were purchased from Molecular Probes (Eugene, OR). Collagenase was purchase from Boehringer-Mannheim (Indianapolis, IN).
Antibodes
Antibody G301 has been previously characterized (Matovcik et al., 1993; Funasaka et al., 1992; Yamagata et al., 1991; Cohen et al., 1990) and was a gift from Dr. Andrew Czernik (Rockefeller University). It was raised in a rabbit against a synthetic peptide corresponding to residues 281-302 of the a-subunit of rat brain CaM kinase 11.
Antibody GST-H3CT has been previously characterized (Maranto, 1994) . It was raised in a rabbit against a fusion protein that included the carboxyl terminal 27 amino acids of the Type 3 InsP3 receptor, which are divergent from those of the Type 1 InsP3 receptor. Antibody GST-H3CT is specific for the Type 3 InsP3 receptor and does not recognize the Type 1 InsP3 receptor.
Monoclonal antibody 4A5 raised against ezrin was a gift from Dr. John Forte (University of California, Berkeley).
Immunofluorescence Labeling in Rat Gastrointestinal Tissues
Tissue Harvesting. Male Sprague-Dawley rats weighing 100-150 g were fasted overnight. The stomach and terminal ileum wete rinsed clear of luminal contencs with Modified Eagle's Medium (MEM) at 37°C. Pancreas, stomach, and ileum were embedded in OCT medium, frozen without'fixation with isopentane-liquid nitrogen, and cut into sections approximately 3 pm thick.
Fixation. Cryosections examined with antibody 301 were fixed in 2% paraformaldehyde for 45 min at room temperature (RT). The Type 3 InsP3 receptor did not retain immunoreactivity after aldehyde fixation. Therefore, cryosections examined with antibody GST-H3CT were faed with acetone for 10 min at -2O'C and air-dried at -20°C. All sections were rinsed with PBS, pH 7.4, with a protease inhibitor cocktail consisting of leupeptin, chymostatin, pepstatin, soybean trypsin inhibitor, and aprotinin (Gorelick et al., 1983) , then blocked for 1 hr with 3% goat serum in PBS, pH 7.4. Antibodies were added for 2 hr, rinsed with PBS, pH 7.4, with protease inhibitors, then incubated with FIX-goat anti-rabbit F(ab')2 for 1 hr. Slides were photographed with a Zeiss Axiophot microscope equipped with epifluorescence illumination.
Immunofluorescence Labeling of Isolated Gastric Glands
Preparation and Fixation. Fundic gastric glands were prepared from New Zealand White rabbirs as previously described (Berglindh and Obrink, 1976) using retrograde perfusion of the celiac aorta followed by isolation of fundic mucosa and collagenase digestion. Isolated glands were washed three times in PBS and then fixed either in 4% paraformaldehyde for 15 min at RT or in methanol for 15 min at -2O'C. After fixation. both sets of glands were washed four times in PBS and then stored at 4'C until use (routinely less than 1 week).
Immunostaining of Gastric G h d s . Fixed glands were adhered to polylysine-coated slides (Fisher; Fair Lawn, NJ). Glands were washed with PBS and then blocked for 20 min in PBS containing 14% donkey serum and 0.1% Triton X-100. The glands were then washed in PBS and incubated with primary antibodies for 4 hr at RT. Paraformaldehyde-fixed glands were stained with G301 (1:200) and anti-ezrin (1:1000). Methanol-fixed glands were stained with G301(1:200) and GST-H3CT (1:SO). After washing three times in PBS, the sections were incubated with secondary antibodies for 1 hr. When double labeling was performed with two primary antibodies, the antibodies were incubated together in the primary step. In the case of double labeling with bodipy-phallacidin, the labeled phallacidin was incubated with the sections for 30-60 min at RT after secondary antibody labeling, followed by three washes in PBS. As a control, some glands were incubated with G301 in the presence of 1 mg/ml G301 peptide. All slides were mounted with Prolong antifade solution and examined with a Molecular Dynamics scanning confocal fluorescence microscope.
Results

Distribution of the InsP3 Receptor in Gastrointestinal Tissues
The cellular and intracellular distribution of the Type 3 Imp3 receptor was determined in the rat ileum (Figure la) at the light microscopic level using indirect immunofluorescence microscopy (Figure 2a) . The Type 3 InsP3 receptor was localized predominantly to the apical region of the enterocyte (arrowhead) in a pattem similar to that previously reported for CaM kinase I1 (Matovcik et al., 1993) . The immunoreactivity was in the terminal web region of the cell and extended centrally in a fibrillar pattern. The Type 3 Imp3 receptor was present in both the villous and the crypt cells, but the polarity of its distribution was most easily seen in the villous enterocytes. These results confirm the localization of the Type 3 InsP3 receptor to the apical region of rat jejunal villus enterocytes using antibody GST-H3CT (Maranto, 1994) . In addition, the basal region of an unidentified cell type in the lamina propria was intensely immunoreactive. No immunoreactivity was detected in the absence of primary antibody (data not shown).
The Type 3 InsP3 receptor was found both in endocrine ( Figure  2a ) and exocrine (Figures 2b and 2c ) cells of the pancreas ( Figure  Ib) . In Figure 2b , immunoreactive staining was confined to the apical region of the pancreatic acinar cells (arrowhead), with a more diffuse and less intense pattem in a subpopulation of islet cells (arrow). The brightest islet staining was observed in a subpopulation of cells located at the periphery of the islet. In Figure 2c . immunoreactive Type 3 InsP3 receptor can be observed in the apical region of the acinar cells (arrowhead) and in the small intralobular ducts that drain the acini (arrow). The antibody GST-H3CT has been demonstrated to be specific for the Type 3 InsP3 receptor and does not detect Type 1 InsP3 receptor in the pancreas (Nathanson et al., 1994) . Antibody GST-H3CT did not detect any immunoreactivity in rat brain (which contains predominantly Type 1 and Type 2 InsP3 receptors), confirming the specificity of the antibody for the Type 3 receptor (data not shown).
The localization of the Type 3 Imp3 receptor was also investigated in the stomach ( Figure IC) . Immunoreactivity was distributed throughout the rat stomach (Figures 2d-2f) . The receptor was concentrated at the apical region of the surface mucous cells ( Figure  2d ). In the gastric gland, the receptor was present in mucous neck cells, the chief cells, and parietal cells in the neck (Figure 2e) , as well as in the base (Figure 2f ) of the gland.
Distribution of CaM Kinase 11 in Gastrointestinal Tissues
The cellular and intracellular distribution of CaM kinase I1 was determined in rat ileum using indirect immunofluorescence microscopy (Figure 3a) . The staining pattern was fibrillar and punctate and was concentrated in the terminal web region (arrowhead), in agreement with previous findings (Matovcik et al., 1993) . No cnterocyte immunoreactivity was detected in the absence of primary antibody, but nonspecific fluorescence was detected in the submucosa with the secondary antibody alone in aldehyde-fiied tissue (data not shown).
CaM kinase I1 has a distribution similar to that for the Type 3 InsP3 receptor in both pancreatic acini and islets. A subpopulation of cells near the periphery of the islet is immunoreactive, similar to the observation of Fukunaga et al. (1988) . In the acinar cells, both the InsP3 receptor and the kinase were restricted to the apical region near the plasma membrane. (Figure 3b . arrowhead). CaM kinase I1 also intensely stained the small intralobular ducts (arrow).
In the stomach, staining for CaM kinase I1 was less intense than that observed for the InsP3 receptor (Figure 3c ). The kinase was present in the surface mucous cells and in the gastric glands. Nerve terminals may contribute to the interstitial staining pattern in the gastric glands.
Distribution of CaM Kinase 11 and InsP3 Receptor in Iso fated Rabbit Gastric Glands
To obtain higher-resolution subcellular localization for CaM kinase I1 and the InsP3 receptor, we studied the cells of isolated rabbit gastric glands. Isolated gastric glands allow examination of mucosal cell localization in the absence of neural elements. We have previously reported that antibody G301 recognized a single 50-KD CaM kinase II-immunoreactive protein in rabbit gastric cells (Funas* et al., 1992) . For immunolocalization in gastric glands, bodipyphallacidin was utilized to define Factin. Labeling with the G30 antibody outlined a subluminal area in the apical regions of fun dic cells (Figure 4a ). As previously reported (Hanzel et al.. 1989 a dense band of F-actin was observed in a similar apical region I fundic cells (Figure 4b ). The majority of the subluminal stainir was due to labeling of F-actin below the apical membranes of chi cells and mucous neck cells. In addition to the luminal stainir phallacidin staining outlined the intracellular canaliculus of ps eta1 cells (Soroka et al., 1993; Hanzel et al., 1989) . Co-labcling the gland suggested that CaM kinase I1 was also localized wit' the apical Factin domain of mucous neck and chiefcells. Dual la1 ing with G301 and phallacidin suggested that CaM kinase I1 was also present in parts of the intracellular canalicular Factin domain inside parietal cells (Figure 4c ). Co-labeling was observed in many parietal cells, especially in the areas of the canaliculus lying luminal to the nucleus. All CaM kinase I1 immunostaining was abolished in the presence of 1 mglml G301 peptide, against which the antiserum was raised and affinity-purified (data not shown).
Occasional small cells positioned in a nonluminal orientation were also stained brightly with the G301 antibodies. The frequency and position of these cells indicated that they are proba~ly cnterocndocrine cells (either entcrochromaffin-like or somatostatin cells).
To define more precisely the subcellular distribution of CaM kinase I1 in parietal cells, we performed dual labeling studies for CaM kinase I1 and the actin binding protein ezrin. Ezrin binds to F-actin filaments lying just deep to the intracellular canaliculus and is specific in the stomach for parietal cells (Soroka et al., 1993; Hanzel et al.. 1989 ). tracellular canaliculi of parietal cells. Prominent co-localization of CaM kinase I1 immunoreactivity with ezrin staining was especially apparent in the more apical extensions of the secretory canaliculi in the necks of parietal cells as well as in the supranuclear region (Figure 5f ). Figure 5 also shows that nonparietal cells (i.e., chief and mucous neck cells) were responsible for the majority of the luminal CaM kinase I1 staining.
To compare the patterns for CaM kinase I1 and InsP3 receptor, we performed double staining for InsP3 receptor and F-actin in methanol-fixed glands. Figure 6 shows that the majority of staining for InsP3 receptor co-localized to the F-actin band beneath the luminal surface of gastric epithelial cells. InsP3 immunoreactivity was observed in the necks of parietal cells, but little staining was observed deeper in the intracellular canaliculi. Occasional InsP3 staining was also observed in small cells likely to represent enteroendocrine cells.
Discussion
Epithelial cells maintain discrete apical and basolateral domains which interact with vastly divergent environments. Coordinated interaction with these separated environments is central to the function of epithelial cells and requires the generation and processing of intracellular signals both within the plasma membrane domains and across the cytoplasmic milieu. Epithelial cells respond to both luminal and basolateral agents with the generation of all of the classically described second messengers, including CAMP, CaZ+, and phospholipid metabolites. Nevertheless, the polarity inherent in epithelial cells requires the intracellular sequestration of both second messenger-generating systems and second messenger-responsive effectors. Therefore, just as neuronal cells sequester specialized signaling functions in their axons, dendrites, and somata, so epithelial cells may possess regionalized second messenger-responsive zones.
Recent studies have suggested that InsP3-responsive calcium pools are located within discrete regions of epithelial cells. Nathanson et al. (1994) noted that Type 3 InsP3 receptors are located in the apical region of pancreatic acinar cells coincident with the point of cholecystokinin-induced calcium waves. Previous investigations in parietal cells have also suggested an association of InsP3-dependent calcium pools with the cytoskeleton (Tsunoda. 1986a,b) . The present investigation provides evidence that Type 3 InsP3 receptors in gastrointestinal epithelial cells are located in an apical F-actin domain that also contains CaM kinase 11. We observed this pattern of co-distribution for the InsP3 receptor and CaM kinase I1 in a number of gastrointestinal epithelial cells. These data suggest that the apical InsP3 receptors are immobilized within a cytoskeletal domain which contains a major calcium-responsive protein kinase system. The close proximity of CaM kinase I1 to the site of intracellular calcium ion release would make it an ideal initial target after a stimulated rise in InsP3. These data support the hypothesis that physiological second messenger-responsive systems would sense alterations in second messenger levels rather than absolute levels. Such intracellular sensors, to act as rapidly as possible, would have to lie near the point of second messenger change, in this case the calcium ion concentration.
We observed Type 3 InsP3 receptors in cells at the periphery of the islet; this distribution is consistent with the observations of MATOVCIK, MARANTO, SOROKA, GORELICK, SMI'IH, GOLDENRING a b C 5 Blondel et al. (1994) , who have localized the Type 3 InsP3 receptor to the secretory granules of the somatostatin-secreting D-cells. Antibody GST-H3CT did not detect Type 3 InsP3 receptor in insulin secreting 0-cells, unlike the results obtained using a polyclonal antibody directed to the C terminal 15 amino acids (Maranto, 1994) .
Evidence for the sequestration of second messenger-responsive enzyme systems is now well established. Recent investigations have demonstrated the existence of a large family of A-kinase anchoring proteins ( AKAPs) (Scott and McCartney, 1994) . These proteins tether the Type I1 A-kinase to specific intracellular locations, including the cytoskeleton, as in the case of MAP-2, or particular cellular organelles, including mitochondria and plasma membranes (Scott and McCartney, 1994) . In contrast, protein kinase C can relocate from the cytosol to either the plasma membrane or the nucleus after appropriate agonist stimulation (Ganesan et al., 1990) . Segregation of CaM kinase I1 is well established in the postsynaptic densities of the brain, where the kinase represents 50% of the total protein in the insoluble complex (Goldenring et al., 1984; Kelley et al., 1984; Kennedy et al., 1983) . In the case of the postsynaptic density, CaM kinase I1 is immobilized in direct proximity to the region of postsynaptic calcium ion influx (Goldenring et al., 1986) . The exact identify and function of substrates phosphorylated by the immobilized kinase in the postsynaptic density remain obscure. However, CaM kinase I1 has been associated with an important substrate, synapsin I, in synaptic vesicles (Schiebler et al., 1986) . Because there is evidence that synapsin I is an actin-associated protein (Petrucci et al., 1988; Petrucci and Morrow, 1987) , CaM kinase I1 may be anchored in F-actin zones, in part through its interaction with actin-associated substrates.
KN-62, an inhibitor of CaM kinase 11, inhibits cholinergic-but not histaminergic-stimulated parietal cell secretion (Tsunoda et al., 1992) . We have previously demonstrated the presence of CaM kinase I1 in light microsomal membranes of gastric cell preparations (Funasaka et al., 1992) . The present results suggest that CaM kinase I1 is localized to the upper apical portions of the intracellular canaliculus, probably in association with Factin filaments. Although InsP3 receptors are also present in the luminal neck of parietal cells, the CaM kinase I1 staining appeared to extend more deeply into the cell along the apical canaliculus. Previous studies have suggested that parietal cell InsP3-dependent calcium pools might be associated with microfilaments (?Sunoda, 1986b) . This pattem contrasted with that in chief and mucous neck cells, where the CaM kinase I1 and InsP3 receptor staining appeared to overlap completely within an apical region enriched in F-actin. Previous studies have suggested that both they and 6 forms of CaM kinase I1 are present in parietal cells and chief cells (Mayer et al., 1994) . Investigation with the 301 polyclonal antibody raised against the brain a-subunit sequence have demonstrated a band of 50 KD, which appears to be too small to account for either they-or the &isofom. Therefore, at this time it is not clear whether the staining observed in these studies represents the localization of y and 6 CaM kinase 11 or rather represents another, yet unidentified CaM kinase I1 isofom.
In summary, the results presented here indicate that CaM kinase I1 is localized to a discrete apical domain in gastrointestinal epithelial cells, usually in proximity to InsP3 receptors. These data indicate that CaM kinase I1 may serve as an early sensor system for the propagation of the signal generated from the release of calcium ion from InsP3-sensitive stores. 
